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ABSTRACT
The common bed bug, Cimex lectularius, has long claimed a pestering
domain in the homes, beds, furniture and luggage of humans. With recent spikes
in bed bug populations, especially in areas with poor demographics, and few
effective ways to prevent infestation, it is an opportune time to study these
prolific pests. Bed bugs utilize multiple receptors to detect heat, gas emission,
and scent. With special focus on olfaction, trials are being conducted which test
the efficacy of various essential oils and pheromones to repel bed bugs. A special
focus on the behavior of the bugs was observed and recorded for these purposes.
Experimentation consisted of 5 trial types. Each one utilized a test strip soaked in
a test solution and a control strip soaked in a control solution. Trials varied in
time conducted (from seconds to 24 hours or more) as well as in many other
factors such as the container in which the trials were conducted, number of bugs
used, and scent solution and control used. Variations allowed for the collection of
many types of data and the application of results obtained in previous trials to
help set parameters for subsequent ones. Applications of this experimentation are
numerous; refinement of concentrations which tend to repel the bugs could be
applied to a variety of locations to form a sort of barrier to bed bug entry, an
application especially useful in the prevention of unwanted pests in luggage.
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MATERIALS and METHODS
Type 1
Type 1 trials emphasized the repulsive or attractive nature of
essential oils with a focus on the immediate behavior of an active bug. Of
the numerous essential oils we have available, we were able to test three:
peppermint oil, eucalyptus oil, and lavender oil. 100% denatured ethanol
(EtOH) or mineral oil were used as the control. All solutions, including
the controls, were made in a 4oz. glass jar. Test solutions consisted of 5%
of the essential oil and 95% of either EtOH or mineral oil. For the
control, either 100% EtOH or 100% mineral oil were used. Initially a
large cotton ball was divided in half; to one half we added 0.5mL of test
solution, and to the other half we added 0.5mL control solution. A bed
bug was retrieved from the colony and placed in the middle of a small
white, plastic sorting tray (20cm x 26cm). As the bed bug was crawling in
the tray, either the test ball or the control ball was placed about 3cm in
front of the bed bug (Fig. 3). We randomized the order of the 10 attempts;
five with the test solution and five with the control solution. In later
replicates of Type 1 trials, we switched from cotton balls to cotton swabs
that were dipped in either the test or control solution. Responses were
recorded with +, -, or 0 based on behavior. + Indicates a positive response,
- indicates a negative response, and 0 indicates failed attempts or no
response.
INTRODUCTION
Cimex lectularius (Fig. 1), while auspicious in appearance, is a
menace in the homes, apartments, public shelters, and luggage of people
around the world. Bed bugs are a resilient pest and their rate of infestation
has sharply increased over the last 10 to 15 years (Raab et al., 2016). This
has been attributed in large part to increased travel and ineffective
treatments. Bed bugs are small 2.5-4.5mm obligate blood feeders known
for their lack of wings and traumatic insemination (a means of
reproduction in which the male bypasses the genital opening and pierces
the female's abdomen for insemination)(Anderson et al., 2009). Their keen
sensory receptors which allow them to detect the heat, carbon dioxide, and
scent of their preferred host, humans, is what makes bed bugs such a
consistent and costly problem. With such a prolific host and diverse
locations to infest, C. lectularius continues to propagate throughout the
world. What is more concerning still is the resilience of bed bugs to
multiple forms of treatment. Namely, insecticides are becoming less
effective and heat treatment, while effective in killing large numbers of the
parasites, cannot prevent reinfestation and are therefore rendered obsolete
in areas with high infestation rates (Raab et al., 2016).
New means of bed bug control are now being explored which take
the powerful olfactory sense of bed bugs and uses it against them.
Research has already been conducted which shows that bed bugs can be
effectively controlled by using certain cocktails of essential oils (Fig. 2)
and pheromones (Benelli and Pavela, 2018; Liedtke, 2011; Ulrich, 2016;
Hansen 2014). This is promising as essential oils and bed bug pheromones
are primarily nontoxic to humans and are residual which can prolong their
efficacy.
RESULTS
Trials are still ongoing but preliminary results (68 Type 1,
20 Type 2, 20 Type 3, 10 Type 4, and 10 Type 5 trials) indicate that
there were no discernible differences in the test and control for
Type 1 and 3 trials; but for Type 2, 4, and 5 trials, the bed bugs
tended to avoid the test solution (i.e. the bugs hesitated to cross the
paper towel in Type 2 trials, remained in the paper towel shelter in
Type 4 trials, and stayed outside of the box in Type 5 trials.)
DISCUSSION 
Throughout this series of trials, modifications were
continually made to improve efficiency and efficacy. Type 1 trials
first made use of large cotton balls instead of swabs. The cotton
balls were unwieldy and left a residue which could trap and kill the
bed bugs. The switch to swabs greatly reduced the residue and
made it easier to record results. Multiple materials were tried for
the test strip in Type 2 trials, but a simple rolled up paper towel
yielded the best results. Type 3 trials began with a circle of paper
towel rather than chromatography paper, but the paper towel
tended to leave spaces allowing the bugs to crawl underneath. The
rigidity of the chromatography paper prevented this. Type 1-3 trials
were conducted in the winter, with the lab in which we were
conducting the trials cooler. Therefore, often the bed bugs were
less active, making it harder to obtain meaningful results. Type 4
trials remained mostly unchanged. Type 5 trials allowed for a lot of
variation in trial duration and, in the most recent attempts, the
separator between each half of the two plexiglass containers was
removed and bed bugs were placed a greater distance from the test
and control boxes. General trends seem to indicate that the longer
trial duration of 24 or more hours yielded the most discernible
results for bug behavior. These longer trials introduced an added
impartiality by allowing for the measurements of distance and
number of bugs in certain locations rather than perceived behavior.
Statistics were not utilized for results as the experiment is still in
its early stages and few notable trends were evident. Future plans
are to continue Type 5 trials with a new box holding the test and
control balls so that the bugs are not able to take refuge in small
cracks or
Fig. 2. (from left to right) Eucalyptus, cedarwood, tea tree, lavender, and 
peppermint oils. 
Fig. 3. Type 1 trial being conducted. 
Type 2
Type 2 trials focus on the more long-term effects of the essential
oils and whether bed bugs will transverse an essential oil “barrier”. The
trial employed the use of the same test and control solutions as Type 1 but
used different methods for setting up the trial and monitoring bed bug
response. A 3cm wide strip of paper towel was used to bisect two large
trays. One strip was saturated with 0.5mL of the test solution and the
other with 0.5mL of the control solution (Figs. 4-5). Five bed bugs were
then retrieved and placed at the far end of each tray. Responses were
recorded upon starting the trial and after 20 minutes by monitoring the
time it took for the bed bugs to begin crossing the paper towel strip.
Type 3
Type 3 trials, similar to Type 2 trials, explore the more long-term
behavior of bed bugs and use the same solutions as Type 1 trials. A circle
of chromatography paper was cut to snugly fit in the bottom of a petri
dish (14cm dia). The paper was then divided into four quadrants labeled
Q1, Q2, Q3, and Q4. A 6mm diameter circle of filter paper was immersed
in the test or control solutions and placed roughly a centimeter from the
edge of the petri dish and midway between the quadrant boundary lines.
Q2, Q3, and Q4 were control and Q1 was the test (Figs. 6-7). The bed bug
was then retrieved from the colony and placed in the center of the dish
and the lid was replaced. Each trial was conducted for 10 minutes.
Responses were measured by monitoring the time the bed bug spent in the
test quadrant. Notable behavior was also recorded including the distance
bed bugs would approach the treated quadrant, prolonged periods of
inactivity, and erratic movements such as sharp turns.
Figs. 4 and 5. Type 2 peppermint oil test strip at start (left) and after 20 
minutes (right).
Figs. 6 and 7. Type 3 trial setup. 
Type 4
In Type 4 trials we began looking into even longer trial times with
a focus on how prolonged exposure to an essential oil and pheromone
solution impacts the sheltering behavior of bed bugs. Type 4 trials were
conducted by mixing bed bug alarm pheromone with hexanol to use as the
test solution and using straight hexanol as the control solution. To begin
the trial, two large trays were set up next to one another and carefully
placed on glass cups. The entire setup was contained within a large metal
tray filled with roughly 3 cm of water (Figs. 8-9). This setup allowed for
much longer trial times (from 24-48 hours) without the risk of escaping
bugs. Next, five 7cm x 7cm squares of paper towel are placed in the
middle of each tray. After the solutions and setup are prepared, five bed
bugs were gathered from the colony and placed on the stack of paper
towels in each tray. A cotton swab was then broken in two with one end
dipped in the control solution and the other end dipped in the test solution.
The swabs were placed at the center of the far end of each tray. The trays
were then covered by a clear plastic sheet and labeled “control” and “test”
respectively. A picture was taken at the end of 15 minutes and again after
24 hours. To quantify the results, the distance from the cotton swab (in
cm) was recorded for each bed bug using a metric ruler for scale. The
average of these values was then calculated.
Figs. 8 and 9. Type 4 control and test after 24 hours.
For this set of experiments, the behavior of C. lectularius was
observed by exploring several different variables. To do this, five different
trial types were employed, each using a different “arena” in which to test
the bed bugs and different concentrations and mixtures of essential oils
and the bed bug alarm pheromones hexanol and octenol. The base for
each solution was either ethyl alcohol or mineral oil. These bases were
used as the control solutions for each trial. We sought to determine which
combinations and concentrations would yield the highest efficacy for
repelling bed bugs (i.e. the bugs did not approach or, if they approached,
turned away from the test strip.) This general observation was recorded
for all trial types and only modified to better fit the nature of each trial.
Usinger 1966
Fig. 1. The human bed bug, Cimex lectularius. (top) 
cluster of nymphs and adults. (bottom left) adult female. 
(bottom right) adult male.
Type 5
In Type 5 trials we extended the total trial time further and began
to look at whether the bugs would crawl inside of an open box containing
the essential oils and pheromone. A number of new variables were
introduced in these trials. Two large plexiglass containers housed the
control and test. Within each container was a small cardboard box
carefully taped to cover any small holes or folds that a bed bug might
crawl into (Fig. 10). This was done to aid in gathering the final results.
The test solution utilized a mixture of 6% peppermint oil, 18% hexanal
and 6% octenal, and a mineral oil base. The control ball was saturated
with the mineral oil base. Ten bed bugs were placed at the far end of each
plexiglass container, the lid was replaced, and the bugs were left for 24-
48 hours.
Fig. 10. Type 5 trial setup. 
At the conclusion of each trial the number of bugs outside and not
touching the box, on the outside of the box, inside the box, and
number of dead bugs was recorded. small box was an odorant ball
saturated on the inside with 0.5ml of either the control or test
solution.
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